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Nanocrystalline Ce1−xRExO2−y 共RE= La and Nd兲 powders were synthesized with a controlled size in
the range of 3 – 5 nm using microemulsion technique. The nanoceria retains its cubic fluorite
structures for the complete doping range. X-ray diffraction and Raman spectroscopic studies showed
that the lattice distortion increased with the doping amount and was found to be higher for La-doped
samples compared to the Nd doping. Spatial correlation model used for Raman analysis suggested
increased defect concentration for the doped samples compared to nanoceria. © 2006 American
Institute of Physics. 关DOI: 10.1063/1.2210795兴
Cerium oxide is of interest due to its wide variety of
applications such as an electrolyte material in solid oxide
fuel cells,1 for gas sensors,2 ultraviolet absorbents,3 and high
temperature oxidation resistant coatings.4 Many of these applications can benefit from monodisperse CeO2 nanoparticles
due to properties confined to their nanostructure such as
blueshift in ultraviolet absorption spectrum,3 shifting and
broadening in Raman allowed modes,5 and lattice
expansion.6,7 Our earlier studies have shown that lattice constant of nanocrystalline cerium oxide particles increases with
decreasing particle size.6 Also the Raman studies of CeO2
nanoparticles have demonstrated that the mode near
464 cm−1 shifts to progressively lower energies and the line
shape of this feature gets progressively asymmetric as the
particle size gets smaller.5,8 The size dependence has been
attributed to the inhomogeneous strain broadening associated
with the dispersion in particle size and phonon confinement.
Recently, lot of interest has been generated in nanoceria
for various catalytic applications due to its ability to easily
absorb and release oxygen.9 The ability to store oxygen is a
result of cerium’s ability to change valence states and the
presence of intrinsic O vacancies in the CeO2 lattice. Addition of trivalent elements in the CeO2 crystal lattice also
causes formation of O vacancies by replacing one Ce4+ ion
for every two trivalent ions in the CeO2 lattice. These vacancies increase O diffusion and thereby increase the ease with
which the material can absorb and release O.
Although the doped CeO2 systems have been investigated, the doping effect in ceria nanoparticles with well characterized size is not done previously. The doping of ceria at
that small size can be very beneficial to further improve its
catalytic properties. The present article demonstrates the
doping effect of monodisperse cerium oxide nanoparticles
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with varying amounts of La and Nd in the controlled particle
size of 3 – 5 nm.
The doped nanoparticles were synthesized using microemulsion process with cerium nitrate, lanthanum nitrate, and
neodymium nitrate as the precursors and ammonium hydroxide as a coprecipitating agent. All the chemicals were obtained from Aldrich Chemicals Company Inc. and used without further purification. The precursors were mixed with
different atomic ratios, NRE / NCe, where RE= La or Nd. The
dopant 共La or Nd兲 percentage was determined by the formula
at. % dopant= 共100NRE兲 / 共NCe + NRE兲. The details of the
samples are given in Table I. The synthesis procedure was
the same as described elsewhere.10 The nanoparticle powders
obtained by washing the precipitates several times with acetone and water were characterized using high resolution
transmission electron microscopy 共HRTEM兲, x-ray diffraction 共XRD兲, and Raman spectroscopy.
The HRTEM images were obtained with Philips 共Tecnai
series兲 transmission electron microscope operated at
300 keV. The bright field HRTEM micrographs of all the
doped samples in Fig. 1 exhibit near-spherical 3 – 5 nm particles with a uniform particle size distribution. The selected
area diffraction patterns shown in the inset of the microTABLE I. Details of the nanoceria samples doped with La and Nd.
Atomic ratio of dopants used for synthesis
Sample

NLa / NCe

NNd / NCe

Dopant amount
共at. %兲

CeO2-0
CeO2-1
CeO2-2
CeO2-3
CeO2-4
CeO2-5
CeO2-6

¯
5 / 100
10/ 100
20/ 100
¯
¯
¯

¯
¯
¯
¯
5 / 100
10/ 100
20/ 100

0
4.76
9.09
16.67
4.76
9.09
16.67
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FIG. 2. 共a兲 XRD spectra of the nanoceria samples. 共b兲 Lattice parameter
variation of the nanoceria samples as a function of doping amount.

FIG. 1. HRTEM images of doped ceria samples 共a兲 CeO2-1, 共b兲 CeO2-2, 共c兲
CeO2-3, 共d兲 CeO2-4, 共e兲 CeO2-5, and 共f兲 CeO2-6.

graphs prove the nanocrystalline nature of the synthesized
powders with fluorite crystal structure.
The crystal structure was determined with x-ray diffraction 共Rigaku model兲 using Cu K␣1 radiation. The data were
recorded at a scan rate of 0.2° / min. The XRD patterns of all
the samples along with microceria 共obtained from Johnson
Matthey兲 are shown in Fig. 2共a兲. The broadened peaks in all
the diffractograms confirm the nanocrystalline nature of the
synthesized powder samples and the peaks can be indexed to
the fluorite structure of cerium oxide. The absence of the
additional peaks related to La2O3 or Nd2O3 in La-doped and
Nd-doped ceria samples, respectively, indicates the formation of single phase Ce1−xRExO2−y-type solid solution for the
full doping range.
The lattice constant of all the samples was measured by
fitting the peaks using PEAKFIT 共version 4.0兲 software. Figure
2共b兲 shows the increase in the lattice constant with the dopant concentration. This means that doping affects the crystal
structure of nanoceria. The lattice constant shifts shown in
Fig. 2共b兲 can be directly correlated with the ionic size of the
dopant. As the ionic radius of La3+ 共0.122 nm兲 is larger than
that of Nd3+ 共0.115 nm兲, the lattice constant is larger for all
the La-doped samples 共CeO2 − 1 – CeO2 − 3兲 compared to the
corresponding Nd-doped samples 共CeO2 − 4 – CeO2 − 6兲. The
data obtained in Fig. 2共b兲 can be fitted by a straight line
showing a linear trend in lattice expansion with the doping
concentration. The slopes of the lines can be found to be
0.0297 and 0.0182 nm/atomic fraction for La and Nd dopings, respectively.

Raman scattering is an excellent, nondestructive, and
rapid analysis technique for investigating the electronic and
phonon structure of materials. The different symmetries involved govern whether vibrations are Raman active and appear in the spectra, while changes in lattice spacing and
chemical environment shift band frequencies. Raman spectra
for the synthesized samples were measured with a Horiba
Jobin Yvon LabRam IR micro-Raman system with a spatial
resolution of 2 m. A helium-neon laser provided excitation
at 633 nm with a power of 3 mW.
Cerium oxide has a cubic fluorite-type structure and belongs to the O5h 共Fm3m兲 space group. This structure has six
optical-phonon branches, which yield three zone-center frequencies. These frequencies are 272, 465, and 595 cm−1, corresponding to the doubly degenerated TO mode, the triply
degenerate Raman-active mode, and the nondegenerate LO
mode, respectively. The triply degenerate Raman-active
mode frequency can be directly detected by Raman measurements, whereas the TO and LO frequencies are given indirectly by fits to infrared reflectivity.11
The presence of RE3+ in the CeO2 lattice deforms the
structure and can be detected by Raman analysis. Figure 3共a兲
shows the measured Raman spectra for the La- and Nddoped nanoceria samples, along with the spectra for microceria and nanoceria. The shift in the Raman mode for nanoceria 共458 cm−1兲 compared to the microceria 共464 cm−1兲
proves the particle size effect which was seen earlier.5,6 The
peak frequencies for the single Raman line were determined
by fitting the data to a Lorentzian line shape using PEAKFIT
共version 4.0兲 software. Figure 3共c兲 shows the Raman allowed
mode frequency shifts measured for all the samples. More
peak shift 共to lower energies兲 for the La-doped samples compared to Nd-doped samples indicates more lattice distortion
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The correlation length L corresponds to the spheres with
diameters equal to the distance between two next oxygen
vacancies and can be used to determine the defect concentration N as8
3
N=
.
共5兲
4L3
Figure 3共d兲 presents the defect concentration calculated
from the correlation length as given in Eq. 共5兲. The particle
size effect increases the defect concentration approximately
three orders of magnitude from 1017 cm−3 for microceria to
1020 cm−3 for nanoceria and then gradually increases with
dopant concentration. When Ce4+ ions are substituted by
RE3+ ions, the oxygen vacancies are introduced into the fluorite lattice by partial reduction of Ce4+ to Ce3+ so as to maintain the electric neutrality. This reduction process can be
given as follows:
CeO2

FIG. 3. 共a兲 Raman spectra of all the nanoceria samples. 共b兲 The Raman peak
shift, 共c兲 the correlation length obtained from spatial correlation model given
in Eq. 共1兲, and 共d兲 oxygen vacancy concentration calculated using Eq. 共5兲 as
a function of doping amount.

in the case of La-doped samples. The increasing lattice constant with doping amount as measured by XRD explains the
Raman shift well.
With increasing dopant concentration the line shape of
the Raman allowed mode gets progressively broader and
asymmetric. The lattice disorder induced by the substitution
of RE3+ ions causes this shape change in the Raman line
which can be studied using the spatial correlation model.8,12
According to this model, the Raman line intensity I共w兲 at
frequency w can be written as

冕 冉
1

I=

exp

0

冊

− q 2L 2
d 3q
,
4
关w − w共q兲兴2 + 共⌫0/2兲

共1兲

where q is the wave vector expressed in units of 2 / a 共a is
the lattice constant兲. ⌫0 is the full width at half maximum
共FWHM兲 of Raman line of large grain sized material
共6.9 cm−1 observed for microceria sample兲. The expression
exp共−q2L2 / 4兲 represents a Gaussian spatial correlation function with parameter L as correlation length. For dispersion
w共q兲, we fitted the phonon dispersion determined from rigidion model11 with analytical model relations
关w共q兲兴1 = 506 − 44.105 cos共q兲,

共2兲

关w共q兲兴2 = 462.5 − 175q2 ,

共3兲

关w共q兲兴3 = 377.1 + 86.58 cos共q兲.

共4兲

As the triple degeneracy of the Raman mode at 464 cm−1 is
removed away from q = 0, Eq. 共1兲 was summed over three
equally weighted branches of phonon dispersion given by
Eqs. 共2兲–共4兲.
The Raman spectrum line-shape fit was performed using
the spatial correlation model explained above with only correlation length L as a fitting parameter. The correlation
length was found to be 10 nm for microceria while it decreases gradually from 1.15 nm for pure nanoceria to 0.86
and 0.90 nm 共less than two lattice constants兲 for 16.67 at. %
La-doped and Nd-doped samples, respectively. Figure 3共c兲
shows the determined correlation length for doped nanoceria
as a function of doping concentration.

⬘ + VO⬙ + 3OOx ,
RE2O3 ——→ 2RECe

共6兲

x
x
⬘ + VO⬙ + 21 O2共g兲,
+ OO
= 2CeCe
2CeCe

共7兲

where RE= La or Nd.
Additionally, there is a broad band in the range of
540– 640 cm−1 which increases with doping amount. A mathematical model based on Green’s function was used to attribute this feature to oxygen vacancies.13
In conclusion, cerium oxide nanoparticles doped with
varying dopant amounts were synthesized using microemulsion process. The size-dependent lattice expansion, induced
by increased oxygen vacancies, in CeO2 nanoparticles can be
further increased by the trivalent dopants without altering the
particle size. Due to larger ionic radius, La doping generates
more defects in the nanoceria lattice compared to Nd doping.
Such doped ceria nanoparticles can be useful for improved
catalytic applications.
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